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ABSTRACT
One of the leading contenders for the origin of supermassive black holes at z & 7 is catastrophic
baryon collapse in atomically-cooled halos at z ∼ 15. In this scenario, a few protogalaxies form in
the presence of strong Lyman-Werner UV backgrounds that quench H2 formation in their constituent
halos, preventing them from forming stars or blowing heavy elements into the intergalactic medium
prior to formation. At masses of 108 M⊙ and virial temperatures of 10
4 K, gas in these halos rapidly
cools by H lines, in some cases forming 104 - 106 M⊙ Pop III stars and, a short time later, the seeds
of supermassive black holes. Instead of collapsing directly to black holes some of these stars died
in the most energetic thermonuclear explosions in the universe. We have modeled the explosions of
such stars in the dense cores of line-cooled protogalaxies in the presence of cosmological flows. In
stark contrast to the explosions in diffuse regions in previous simulations, these SNe briefly engulf the
protogalaxy but then collapse back into its dark matter potential. Fallback drives turbulence that
efficiently distributes metals throughout the interior of the halo and fuels the rapid growth of nascent
black holes at its center. The accompanying starburst and x-ray emission from these line-cooled
galaxies easily distinguish them from more slowly evolving neighbors and might reveal the birthplaces
of supermassive black holes on the sky.
Subject headings: early universe – galaxies: high-redshift – galaxies: quasars: general – stars: early-
type – supernovae: general – radiative transfer – hydrodynamics – black hole
physics – accretion – cosmology:theory
1. INTRODUCTION
The existence of supermassive black holes (SMBHs)
in galaxies at z & 7 (Fan et al. 2003; Willott et al. 2003;
Fan et al. 2006; Mortlock et al. 2011) poses one of the
greatest challenges to the paradigm of hierarchical struc-
ture formation (Bromm & Loeb 2003; Begelman et al.
2006; Johnson & Bromm 2007; Djorgovski et al. 2008;
Lippai et al. 2009; Tanaka & Haiman 2009; Pan et al.
2012b; Schleicher et al. 2013; Choi et al. 2013). One of
the leading contenders for the origin of SMBHs is catas-
trophic baryon collapse in atomically cooled halos at
z ∼ 10 - 15 (Wise et al. 2008; Regan & Haehnelt 2009;
Shang et al. 2010; Wolcott-Green et al. 2011; Latif et al.
2013a,b). In this picture, a few primeval galaxies
(Johnson et al. 2008; Greif et al. 2008; Johnson et al.
2009; Greif et al. 2010; Jeon et al. 2012; Pawlik et al.
2011; Wise et al. 2012; Pawlik et al. 2013) formed in
strong Lyman-Werner (LW) UV backgrounds that pho-
todissociated all their H2, preventing them from forming
primordial stars prior to assembly (Bromm et al.
1999; Abel et al. 2000, 2002; Bromm et al. 2002;
Nakamura & Umemura 2001; O’Shea & Norman
2007, 2008; Wise & Abel 2007; Yoshida et al. 2008;
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Turk et al. 2009; Stacy et al. 2010; Smith et al. 2011;
Clark et al. 2011; Greif et al. 2011; Hosokawa et al. 2011;
Greif et al. 2012; Susa 2013). Unlike other primitive
galaxies, which began to reionize (Whalen et al. 2004;
Kitayama et al. 2004; Alvarez et al. 2006; Abel et al.
2007; Wise & Abel 2008) and chemically enrich
the IGM (Mackey et al. 2003; Smith & Sigurdsson
2007; Smith et al. 2009; Joggerst et al. 2010;
Joggerst & Whalen 2011; Ritter et al. 2012; Chiaki et al.
2013; Safranek-Shrader et al. 2013), line-cooled proto-
galaxies remained inert until reaching masses of ∼ 108
M⊙ and virial temperatures of ∼ 10
4 K.
These temperatures activated rapid cooling in the
halo by H lines, triggering massive baryon collapse with
central infall rates of up to 0.1 - 1 M⊙ yr
−1, 1000
times those that formed the first stars in less mas-
sive halos at higher redshifts. Such accretion rates
were capable of building up very massive gas clumps
in short times, most of which collapsed directly to 104
- 105 M⊙ BHs. The creation of SMBH seeds by di-
rect baryon collapse has gained ground in recent years
because it has been shown that Population III (Pop
III) BH seeds cannot achieve the rapid growth needed
to reach 109 M⊙ by z ∼ 7 (Milosavljevic´ et al. 2009;
Alvarez et al. 2009; Park & Ricotti 2011; Mortlock et al.
2011; Park & Ricotti 2012; Whalen & Fryer 2012;
Park & Ricotti 2013; Johnson et al. 2013b). It was orig-
inally thought that LW fluxes capable of fully suppress-
ing Pop III star formation were rare, and that this might
explain why so few SMBHs have been found at z & 6,
but it is now known that such environments may have
been far more common in the early universe than previ-
2ously believed (Dijkstra et al. 2008; Johnson et al. 2012;
Agarwal et al. 2012; Petri et al. 2012).
In some cases, massive clumps in line-cooled ha-
los formed stable stars rather than collapsing di-
rectly to BHs (Iben 1963; Fowler & Hoyle 1964; Fowler
1966; Appenzeller & Fricke 1972a,b; Bond et al. 1984;
Fuller et al. 1986; Begelman 2010). Some of these
stars have now been shown to die in extremely en-
ergetic thermonuclear explosions (Montero et al. 2012;
Heger & Chen 2013) that will be visible in both deep-
field and all-sky NIR surveys at z & 10 by the
James Webb Space Telescope (JWST ), Euclid, the
Wide-Field Infrared Survey Telescope (WFIRST), and
the Wide-Field Imaging Surveyor for High-Redshift
(WISH) (Whalen et al. 2012b) (for other work on
Pop III SN light curves, see Scannapieco et al. 2005;
Fryer et al. 2010; Kasen et al. 2011; Pan et al. 2012a;
Hummel et al. 2012; Dessart et al. 2013; Whalen et al.
2013b; Meiksin & Whalen 2013; Whalen et al. 2012a,
2013c,a; de Souza et al. 2013). A 55,500M⊙ SN in a dif-
fuse environment in its host protogalaxy has been studied
by Johnson et al. (2013a). For explosions in low densi-
ties, like those of an H II region created by the star, they
find that the SN expels all the baryons from the halo to
radii of & 10 kpc. In this scenario, metals from the SN
can enrich nearby protogalaxies before later falling back
into the halo on timescales of 50 - 70 Myr.
If the explosion instead occurs in the heavy infall
that formed the star, the SN rapidly loses energy to
bremsstrahlung and line emission and expands to at most
1 kpc, the virial radius of the halo (Whalen et al. 2013d)
(see also Kitayama & Yoshida 2005; Whalen et al. 2008;
de Souza et al. 2011; Vasiliev et al. 2012). Ejecta from
the SN briefly displaces the outer layers of the proto-
galaxy but then recollapses in a spectacular bout of fall-
back that was inferred to rapidly distribute heavy ele-
ments throughout its interior and fuel the growth of mas-
sive SMBH seeds at its center. However, the extremely
short X-ray and line cooling timescales in the dense me-
dia plowed up by the SN limited these simulations to one
dimension (1D), so they could not follow the evolution
of the protogalaxy during expansion and fallback or de-
termine how cosmological flows later mixed its interior
with metals.
However, it is possible to initialize a three-dimensional
(3D) cosmological simulation with 1D blast profiles from
Whalen et al. (2013d) at intermediate times, after cool-
ing timescales in the shock have become large but before
it has reached large radii or departed from spherical sym-
metry. The explosion can then be evolved in the proto-
galaxy in the presence of cosmological flows to determine
its eventual fate, having properly determined its energy
and momentum losses over all spatial scales. We have
now performed such a simulation in the GADGET code
with a supermassive SN profile taken from the ZEUS-
MP calculations of Whalen et al. (2013d). We describe
our numerical simulation in Section 2. The evolution of
the SN in the presence of cosmological flows is exam-
ined in Section 3, where we also study the metallicity
of the halo over time. We then discuss the potential for
triggered starbursts and rapid central BH growth in the
protogalaxy and conclude in Section 4.
2. NUMERICAL METHOD
Fig. 1.— GADGET fit to the supermassive SN profiles from
ZEUS-MP. Left: radial velocity. Right: number density. The
blue curves denote the ZEUS-MP profiles and the orange parti-
cles and triangles trace the SPH particle distribution assignedto
these profiles. The black points are the SPH particles representing
the protogalaxy and cosmological flows.
Our calculation proceeds in three stages. First, the
55,500 M⊙ Pop III star is evolved from the beginning of
the main sequence to central collapse and then explosion
in the Kepler (Weaver et al. 1978; Woosley et al. 2002)
and RAGE codes (Gittings et al. 2008; Frey et al. 2013),
out to 2.9 × 106 s. The energy of the SN is 7.7× 1054 erg.
At this time the shock is at 4 × 1015 cm, past breakout
from the surface of the star but at a radius at which it
has not swept up much mass. The SN is then initialized
in ZEUS-MP (Whalen & Norman 2006, 2008a,b) in the
spherically averaged 1D profile of the halo into which it
is later mapped in GADGET. The density of the halo
at the radius of the shock is ∼ 1011 cm−3 (see Fig. 3
of Whalen et al. 2013d). The SN is evolved out to 60
pc (at 2.54 × 105 yr) and then both it and the gas it
has swept up are ported to GADGET. These first two
steps are described in detail in Whalen et al. (2012b) and
Whalen et al. (2013d).
In Johnson et al. (2013a) the SN was initialized in a
diffuse r−2 wind envelope whose density was far lower
than that of the undisturbed halo in ZEUS-MP (see
Fig. 3 of Whalen et al. 2012b). This wind approximated
an H II region created by the star. The SN was evolved
out to 6 pc in RAGE and then mapped into the center
of the protogalaxy in GADGET. Our procedure ensures
that the heavy energy losses of the SN in a dense proto-
galactic core are properly taken into account, and that
the explosion is initialized with the proper energy and
momentum in our cosmological simulation.
2.1. GADGET Model
Our fiducial protogalaxy is the 4 × 107 M⊙ atomically-
cooled halo from Johnson et al. (2013a), which forms
in a 1 Mpc3 (comoving) simulation volume in GAD-
GET (Springel et al. 2001; Springel & Hernquist 2002).
This simulation was evolved from z = 100 down to
z ∼ 15 in a uniform LW UV background that steril-
ized the halo of H2 and prevented stars from forming
in any of its constituent halos. The simulation that
produced the protogalaxy is described in Johnson et al.
(2011). We map the (Eulerian) ZEUS-MP SN profile
into the (Lagrangian) smoothed-particle hydrodynamics
(SPH) GADGET model by assigning the central 11,373
SPH particles to the ejecta in a manner that reproduces
the radial velocity and number density of the blast. We
show our fit to the ZEUS-MP profile in Fig. 1. The SN
3Fig. 2.— Protogalactic baryons plowed up by the supermassive SN at 1 Myr (top), 10 Myr (center) and 25 Myr (bottom). Left to right:
H number density, radial gas velocity, temperature and free electron fraction, all as a function of radius from the center of the halo. Mass
fractions in the gas change by an order of magnitude across the contours in the plots.
expels 23,000M⊙ of metals (and probably molecules and
dust; Cherchneff & Lilly 2008; Cherchneff & Dwek 2009,
2010; Dwek & Cherchneff 2011; Gall et al. 2011) into the
galaxy. At this stage it is essentially a free expansion.
We initialize the shock at 60 pc in GADGET for two
reasons. First, the shock must expand and cool to tem-
peratures at which its chemistry and cooling times are
long enough to evolve it in a 3D cosmological simulation
in a reasonable time. It cannot be initialized with too
large a radius because our GADGET simulation might
then exclude asymmetries that can arise in the shock at
earlier times. We found that 60 pc (in contrast to 6 pc in
Johnson et al. 2013a) satisfied both requirements. This
radius was also chosen to minimize departures from mass
conservation when assigning the SPH particle distribu-
tion to the high-resolution ZEUS-MP SN profile. There
was a fair amount of ejecta and swept-up gas in ZEUS-
MP at radii below what could have been resolved by
our GADGET model at early times. Allowing the SN
to grow to ∼ 60 pc in ZEUS-MP enabled us to pre-
serve its mass to within 20% in GADGET. Smaller er-
rors could have been achieved with larger radii but at
the cost of missing asymmetries in the shock due to in-
homogeneities in the cosmological density field. We ob-
tained even better agreement in mass conservation at just
6 pc in Johnson et al. (2013a) because the explosion was
in lower densities that could be adequately resolved at
smaller radii by the SPH particle distribution.
2.2. Nonequilibrium H/He Gas Chemistry
We evolve mass fractions for H, H+, He, He+, He++,
H−, H+2 , H2, e
−, D, D+ and HD with the 42 reaction rate
network described in Johnson & Bromm (2006) to tally
energy losses in the remnant as it sweeps up and heats
baryons. Cooling due to collisional excitation and ion-
ization of H and He, recombinations, inverse Compton
(IC) scattering from the cosmic microwave background
(CMB), and free-free emission by bremsstrahlung x-rays
are included. In the ZEUS-MP run H2 cooling is turned
off in the gas because high temperatures in the shock
at early times destroy these fragile molecules. Both H2
and HD cooling are included in the GADGET run but
are minimal because of shock heating and the LW back-
ground. Adjustments to LW photodissociation rates due
to self-shielding by H2 and H
− photodetachment rates
are taken from Shang et al. (2010). Cooling times for
these processes depend on temperatures and mass frac-
tions for these species in the shocked gas, which in turn
are governed by the energy equation and the nonequilib-
rium reaction network.
3. SN EVOLUTION IN THE PROTOGALAXY
3.1. Dynamics and Energetics
We show the evolution of gas in the protogalaxy as
it is blown outward by the SN at 1, 10 and 25 Myr in
Fig. 2. As shown in the center panels on the top row,
the shock has cooled to ∼ 50,000 K and slowed to ∼
300 km s−1 by 1 Myr, mostly because of prior energy
losses to bremsstrahlung and H and He line emission.
Atomic lines restrict the temperature of the shock to
4Fig. 3.— The mass swept up by the shock (red dashed line) and
the total kinetic energy of the flow (green solid line) as a function
of time.
10,000 - 25,000 K thereafter (the ”Balmer thermostat”),
as in Whalen et al. (2013d). Consequently, free electron
fractions never exceed 10%. At 1 Myr there are two com-
ponents to the electron fraction: collisional ionizations in
the SN shock, which are visible as the vertical spike in
electron fraction at 100 pc, and ionizations in the virial
shock from ∼ 0.5 - 1 kpc. The propagation of the shock
to the edge of the halo is visible as the red contours in
temperature and radial velocity that migrate from 100
pc to 2 kpc over 25 Myr. Similar motion is visible in the
spike in electron fraction, which is also at 2 kpc by 25
Myr. The ejecta drives most of the gas from the center
of the protogalaxy at early times, as shown in the panels
on the left. But the gas then collapses back into the halo
sooner than in the Johnson et al. (2013a) run, with fall-
back approaching the center by ∼ 25 Myr. We note that
the ∼ 50 km s−1 gas velocities at radii greater than 500
pc are from cosmological infall and virialization. They
are steady throughout the run because accretion contin-
ues throughout the simulation.
As shown in Fig. 3, the ejecta has lost 95% of its orig-
inal kinetic energy by the time it is initialized in GAD-
GET, but, as we show later, it still has enough linear
momentum to drive gas in the halo out to its virial ra-
dius. Line emission and expansion in the dark matter
potential of the halo reduce the kinetic energy to 4.5 ×
1052 erg by 25 Myr. The ejecta displaces about the same
amount of gas as in the Johnson et al. (2013a) models (∼
107 M⊙) but to much smaller radii, 2 kpc rather than 8
- 10 kpc. We show the evolution of the protogalaxy in
Fig. 4. Even with blowout into low-density voids, most
of the gas is still confined to within ∼ 2 kpc of the center
of the halo, unlike in Johnson et al. (2013a) in which the
ejecta reaches radii of 10 kpc, perhaps enriching nearby
halos. As seen in the velocity projections, gas preferen-
tially propagates into the voids but is essentially halted
along filaments by cosmological inflows. The SN expands
to somewhat larger radii on average in this cosmological
simulation than in the ZEUS-MP runs in Whalen et al.
(2013d) because of blowout into voids, which cannot be
captured in 1D.
One physical process we do not capture in ZEUS-MP or
GADGET is the dynamical decoupling of ions from elec-
trons in the shock that may occur 5 - 10 yr after the SN.
If these two components do decouple the shock cools less
efficiently because the entropy generated by the shock,
which is deposited in the ions, cannot be radiated away
efficiently by the electrons. This phenomenon reduces
cooling in galactic SN remnants in relatively diffuse ISM
densities at intermediate times. Electron-ion decoupling
does not affect the explosions of supermassive stars in dif-
fuse regions in line-cooled protogalaxies (Johnson et al.
2013a) because such explosions unbind baryons from the
halo anyway. It could allow explosions in the dense re-
gions studied here to grow to larger radii, but it is unclear
for how long cooling would be curtailed. Future improve-
ments to RAGE, such as 3-temperature physics in which
photons, electrons and ions can be evolved with distinct
temperatures, could address these issues. The cooling
found in our simulations should therefore be considered
to be upper limits for now.
3.2. Chemical Enrichment
As with Pop III PI SNe, about half of the mass of the
supermassive SN is blown out into the galaxy in the form
of heavy elements, ∼ 23,000M⊙. If the explosion occurs
in a dense environment and drives turbulence, these met-
als can efficiently mix with gas in the halo, enhancing
its cooling rates and altering the mass scales on which
it fragments and forms new stars (e.g., Bromm et al.
2001; Santoro & Shull 2006; Schneider et al. 2006), even
in the presence of strong LW backgrounds (Omukai et al.
2008). We show projections of metallicity at 10, 25 and
50 Myr in Fig. 5. The ejecta bubble is mostly uniform
in metallicity when it reaches the virial radius but then
some heavy elements continue out into the low-density
voids while the rest begin to fall back into the halo.
Later, as the collapse of ejecta back into the halo accel-
erates, inhomogeneities in metallicity become more pro-
nounced. As Fig. 5 shows, metals propagate the least
distance along the filaments (at whose intersection the
halo originally formed).
We plot the evolution of the metallicity of the halo as
a function of radius at 1, 10 and 70 Myr in Fig. 6. By 10
Myr the SN has essentially driven all the metals from the
central 50 pc of the halo. But, as shown in the bottom
row of Fig. 2, fallback has begun by ∼ 25 Myr, raising
the metallicity Z of the protogalaxy to 0.1 - 0.2 Z⊙ at
r & 50 pc compared to 0.05 - 0.1 Z⊙ at r & 100 pc in
Fig. 5 of Johnson et al. (2013a). It is clear that early
fallback and the relative confinement of the ejecta in this
run drives the interior of the protogalaxy to metallicities
that are twice those of the explosions in H II regions in
Johnson et al. (2013a). At 70 Myr the entire halo has
been enriched to a metallicity Z ∼ 0.1 Z⊙ compared to
Z ∼ 0.05 Z⊙ in Johnson et al. (2013a). There were still a
few metal particles less than 50 pc from the center of the
halo at 10 Myr whose outward propagation was slowed
by strong filamentary inflows along a few lines of sight.
These particles are visible as the two spikes in metallicity
at radii of . 50 pc in Fig. 6.
Whalen et al. (2013d) speculated that massive fallback
into the halo would not only distribute metals through-
out its interior: it, together with cosmological inflows,
would also drive turbulence that would efficiently mix
the metals with baryons in the protogalaxy and radi-
cally alter their cooling properties. However, their 1D
models could not simulate these processes. We show the
vorticity |∇× ~v| due to expansion and fallback in a slice
through the center of the halo at 50 Myr for this run and
Johnson et al. (2013a) in Fig. 7. Vorticity is a measure
5Fig. 4.— The SN at 10 Myr (top), 25 Myr (center) and 50 Myr (bottom). Left to right: projections of H number density, radial gas
velocity, temperature and free electron fraction.
of the shear flows that drive Kelvin-Helmholtz instabili-
ties that in turn energize turbulent cascades in the gas.
Wherever it is strong, turbulence and efficient mixing are
likely to follow. As shown in the bottom row of Fig. 7,
both explosions exhibit similar degrees of vorticity, al-
though it is greater at the center of the protogalaxy in the
present run where early fallback and accretion collide and
churn the gas to a greater degree than in Johnson et al.
(2013a). In both cases it is anti-correlated with blowout
into low-density voids, which is characterized by rapid
expansion without much shear. These flows are marked
by the regions of large divergence |∇· ~v| shown in the top
row of Fig. 7.
The large vorticities in both explosions suggests that
turbulence will enrich most of the baryons in the proto-
galaxy with metals (and perhaps dust). Star formation
and a prompt rollover from a Pop III to a Pop II initial
mass function (IMF) may follow throughout the interior
of the halo. Although such explosions may be rare events
in the early universe, their host galaxies would be easily
distinguished from their less rapidly evolving neighbors
by their large star formation rates and by their distinct
spectral energy distributions (SEDs), which would be al-
most entirely due to Pop II stars.
3.3. Fallback and SMBH Seed Growth
Outflow and fallback through a spherical boundary at
1 kpc, the virial radius of the halo, are shown for this
run and for Johnson et al. (2013a) in Fig. 8. Differences
in the overall dynamics between SNe in dense accretion
envelopes and diffuse H II regions are abundantly clear.
First, blowout happens sooner in low density environ-
ments than in heavy infall, in which the shock does not
reach the virial radius and reverse accretion onto the halo
until ∼ 10 Myr. Peak outflow rates are also much higher
in Johnson et al. (2013a) due to lower energy losses and
breakout into low density voids. Fallback is heavier in
our run at late times because little of the ejecta is un-
bound from the halo, unlike Johnson et al. (2013a) in
which metals blown out into voids only return after a
fraction of a Hubble time. It might be thought from the
relative positions of the two peaks in outflow that fall-
back begins earlier in Johnson et al. (2013a) than in this
run. In reality, as noted above, fallback begins earlier in
explosions in dense regions. In these cases much of the
ejecta never reaches 1 kpc and does not appear in the
plot. These metals fall back to the center of the halo
well before ejecta in explosions in low densities returns
to the halo (compare Fig. 2 in this study to Fig. 2 in
Johnson et al. 2013a).
Steady cosmological inflow from filaments is evident in
the present run until ∼ 10 Myr, after which the SN re-
verses them. Comparing this plot to Figs. 6 and 7b in
Whalen et al. (2013d), it is clear that cosmological flows
somewhat dampen the massive fallback of 1D models,
averaging them out over time. This happens in part be-
6Fig. 5.— Projections of metallicity along the y- (top) and the z-axes (bottom) at 10 Myr (left), 25 Myr (center) and 50 Myr (right).
Fig. 6.— Spherical average of the metallicity Z of the gas (in
units of solar metallicity Z⊙) as a function of radius at 1 Myr
(blue dashed line), 10 Myr (green solid line) and 70 Myr (red dotted
line).
cause metals along some lines of sight fall back into the
halo sooner as they encounter inflow along dense fila-
ments. As shown in the left panels of Fig. 7, accretion
and fallback also drive turbulent motions in the halo that
partially support the gas against collapse. However, fall-
back eventually drives central accretion rates to values
greater than those originally due to filaments alone, as
shown in the slope of the red plot after 55 Myr.
Fallback in both explosions eventually results in flows
capable of rapidly growing SMBH seeds at the center of
the protogalaxy. How x-rays from nascent black holes
regulate these infall rates (& 0.04 M⊙ yr
−1) remains to
be determined. Nevertheless, it is probable that baryon
collapse rates of this magnitude could drive episodes of
super-Eddington accretion by central BHs. We note that
fragmentation of the atomically-cooled disk at the center
of the halo almost certainly leads to multiple supermas-
sive clumps (see Fig. 1 of Whalen et al. 2012b). Super-
massive stars and SMBH seeds therefore probably coexist
at the center of the protogalaxy, and massive BHs would
remain after the explosion of one of the stars.
4. DISCUSSION AND CONCLUSION
In Johnson et al. (2013a) and this paper, we have con-
sidered the two extremes for supermassive Pop III SNe
in line-cooled protogalaxies: explosions in diffuse regions,
like an H II region of the star, and explosions in dense
envelopes, like those that gave birth to the star. We find
that SNe in dense protogalactic cores do not grow to radii
much larger than that of the halo, unlike explosions in
low-density regions whose metals can envelop and enrich
nearby galaxies. In reality, explosions of supermassive
Pop III stars occur in regions that fall somewhere in be-
tween these two extremes, depending on the rates and
geometry of accretion and whether or not ionizing UV
radiation from the progenitor breaks out of its accretion
envelope (Johnson et al. 2012). These spectacular events
are likely accompanied by intense starbursts and rapid
growth of SMBH seeds driven by massive fallback and
prompt chemical enrichment of baryons in the halo.
Supermassive Pop III SNe can be detected on mul-
tiple, disparate timescales after they occur, beginning
with the prompt NIR emission from the initial blast.
Whalen et al. (2012b) find that explosions in dense en-
velopes are much brighter in the NIR than SNe in dif-
fuse regions and can be detected at z ∼ 15 - 20 by
WFIRST, WISH and JWST and at z ∼ 10 − 15 by
Euclid. This point is important because all-sky surveys
by missions such as WFIRST, WISH and Euclid could
discover these explosions in spite of their small num-
bers. Later, on timescales of ∼ 103 yr, the SN remnant
becomes a strong synchrotron source that is visible in
the radio to eVLA, eMERLIN, ASKAP and the Square
7Fig. 7.— Divergence and vorticity in the protogalaxy due to supermassive explosions in dense regions (left) and diffuse H II regions
(right). The divergence (|∇· ~v|, top row) marks regions of rapidly expanding flow and vorticity (|∇ × ~v|, bottom row) traces shear flows
that probably drive turbulence.
Fig. 8.— Outflow and fallback rates in the protogalaxy as a
function of time for explosions in diffuse H II regions (green line)
and dense regions (red dashed line).
Kilometer Array (SKA) at z & 15 (Mesler et al. 2012;
Whalen et al. 2013d). In contrast to the NIR, this emis-
sion is much brighter for explosions in H II regions be-
cause of the higher shock temperatures and it has a pro-
file that easily distinguishes it from less energetic Pop III
SNe.
Later, on times of 10 - 20 Myr, fallback may activate
emission by SMBH seeds in the halo that could be de-
tected in the NIR by successors to Swift such as the
Joint Astrophysics Nascent Universe Satellite (JANUS;
Roming 2008; Burrows et al. 2010), Lobster, or EXIST.
At about this time chemical enrichment and cooling may
also trigger starbursts that could be detected in the NIR
by JWST, distinguishing these halos from their less lu-
minous neighbors. Testing the prospects for rapid star
formation and SMBH seed growth in line cooled halos af-
ter such explosions requires numerical simulations with
metal and dust mixing and cooling together with x-ray
feedback by the central BH that are now under develop-
ment. We note that these explosions in principle could
also be found in the CMB via the Sunyayev-Zel’dovich
effect, but the likelier candidates for such detections are
SNe in diffuse H II regions that enclose and upscatter
greater numbers of CMB photons (e.g., Oh et al. 2003;
Whalen et al. 2008).
The debris of these ancient explosions could also be
found in the atmospheres of dim metal-poor stars in
the Galactic halo today (e.g., Beers & Christlieb 2005;
Frebel et al. 2005; Cayrel et al. 2004; Lai et al. 2008;
Frebel & Bromm 2012). Gas enriched to the metallici-
ties in our simulation is expected to fragment into stars.
0.8M⊙ that may still exist, particularly if they formed in
dust (Schneider et al. 2006). The chemical signatures of
supermassive SNe can be distinguished from those of Pop
III PI SNe because they create very little 56Ni, unlike PI
SNe that produce iron-group elements (Heger & Woosley
2002). However, like PI SNe supermassive SNe make
8few r-process and s-process elements, so their chemi-
cal fingerprint can also be differentiated from those of
15 - 40 M⊙ Pop III core-collapse SNe. These abun-
dance patterns may not have been detected yet because
the stars that bear them were enriched to metallicities
above those targeted by surveys of metal-poor stars to
date (Karlsson et al. 2008) (see also Cooke et al. 2011;
Ren et al. 2012, for tentative evidence of Pop III PI SNe
in the fossil abundance record).
Besides marking the sites of formation of SMBHs on
the sky, supermassive Pop III SNe would also reveal
the location of their nurseries: line-cooled halos and the
nearby protogalaxies that saturate them with strong LW
fluxes (e.g., Dijkstra et al. 2008; Agarwal et al. 2012).
These rapidly forming young galaxies could then be se-
lected for spectroscopic followup by JWST. Detections of
the most energetic thermonuclear explosions in the uni-
verse at z & 15 by the next generation of telescopes may
finally reveal the origins of SMBHs.
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